This study investigated diel and seasonal variations in the population dynamics of Hemimysis anomala, a non-indigenous mysid originating from the Ponto-Caspian region. There were strong diel variations in the abundance (catch-per-unit-effort; CPUE) of H. anomala, with CPUE being low during the day but increasing by up to an order of magnitude at night. Abundance also varied seasonally, with CPUE increasing from mid-May to a peak in late June/early July, followed by a crash in mid-July. However, the seasonal variations in abundance were apparent only in nocturnal surveys, with CPUE during the day being low throughout the study. There were also seasonal variations in population structure (life stages, length distributions, sex ratios, reproductive state, fecundity). The nocturnal behaviour of H. anomala renders it difficult to assess its geographical distribution or population dynamics using only diurnal surveys or inappropriate sampling methods, which could underestimate the size, structure, reproductive potential and sustainability of non-indigenous populations of this invasive species. Surveillance programmes for H. anomala should therefore be conducted at night, at intervals throughout the year and targeting likely habitats using site-specific methods of proven effectiveness.
Introduction
Biological invasions have increasingly become a global concern during the past two decades, both in terrestrial and aquatic ecosystems (Lodge 1993; Moyle and Light 1996; Mack et al. 2000; Manchester and Bullock 2000; Gherardi 2007 ). The potential impacts of non-indigenous species are numerous, and include loss of indigenous species, shifts in ecosystem functioning and socio-economic issues. Until 2004, only two species of mysid [Mysis relicta Lovén, 1862 and Neomysis integer (Leach, 1814)] had been recorded from UK fresh waters. Hemimysis anomala G. O. Sars, 1907 , a species indigenous to the Ponto-Caspian region, was first recorded in the UK in 2004, in the catchment of the River Trent, central England, with subsequent investigations revealing that it was present in a number of canals, floodplain waterbodies and the main stem of the river (Holdich et al. 2006; Stubbington et al. 2008) . Non-indigenous populations of the species have also been reported from Ireland, mainland Western Europe and North America (Salemaa and Hietalahti 1993; Ketelaars et al. 1999; Borcherding et al. 2006; Pothoven et al. 2007; Wittmann 2007; Minchin and Holmes 2008; Wittmann and Ariani 2009; Marty et al. 2010 ); a detailed history of the invasion of Europe and North America by H. anomala is provided by Audzijonyte et al. (2008) . One of the most frequently cited impacts following invasion by H. anomala has been predation (Ketelaars et al. 1999; Borcherding et al. 2006) . Hemimysis anomala is largely zooplanktivorous, and could potentially cause changes in ecosystem functioning by increasing the predation pressure on particular components of the zooplankton, possibly leading to a reduction in grazing pressure on phytoplankton and in water clarity. There is also concern that H. anomala may compete with indigenous species for resources (Dumont and Muller 2010) . This may be of particular importance to larval and juvenile fishes, the majority of which are zooplanktivorous and vulnerable to competition (Nunn et al. 2012) . As there may be a causal link between the survival of fish larvae and zooplankton dynamics (see Nunn et al. 2012) , competition with H. anomala could have negative implications for fish recruitment success.
A number of studies have reported diel variations in the abundance of H. anomala, usually related to migrations from daytime refuges to open water at night (Salemaa and Hietalahti 1993; Ketelaars et al. 1999; Borcherding et al. 2006; Pothoven et al. 2007; . Furthermore, Boscarino et al. (2012) and Brown et al. (2012) observed ontogenetic shifts in the diel behaviour of H. anomala, with juveniles migrating earlier in the evening and remaining higher in the water column at dawn than the more photophobic adults. Seasonal variations in population demographics (life stages, length distributions, sex ratios, reproductive state, fecundity) have also been described, both from the species' indigenous and introduced ranges (Salemaa and Hietalahti 1993; Ketelaars et al. 1999; Borcherding et al. 2006; Stubbington et al. 2008; Dumont and Muller 2010; Brown et al. 2012) . Notwithstanding, knowledge of the diel and seasonal aspects of H. anomala ecology is limited and requires further research Walsh et al. 2010) . Furthermore, the implications of diel and seasonal variations in population dynamics for the surveillance and management of nonindigenous populations of H. anomala remain largely unexplored.
A prerequisite for successful management strategies is an effective surveillance programme, which should minimise the likelihood of invasions by detecting non-indigenous species before they establish self-sustaining populations (Britton et al. 2011) . Surveillance programmes must also be able to detect changes in temporal and spatial structure relating to species distributions and abundances if management is to be effective (Cowx et al. 2009 ). However, surveillance programmes will only be effective if the chosen sampling strategies and methods are able to detect non-indigenous species at low levels of abundance, to avoid false-negative results through imperfect detection (Britton et al. 2011) . The aim of this study was to investigate diel and seasonal variations in the population dynamics of H. anomala. The specific objectives were to: (1) (Hartm.) and Sparganium erectum L.) was present in the shallow water along the shoreline. Moorings for boats consisted of floating pontoons. Traps were set in seven replicate locations along the shoreline (<1.5-m deep) of the marina at fortnightly intervals between May and July 2010. Qualitative samples of H. anomala (if present) were also collected fortnightly between May and July and monthly between August and October with a single sweep of a 240-μm-mesh dip net under a floating pontoon. Each trap was constructed using two transparent 2-L bottles, one without a top and the other without a bottom, with the latter inserted into the former and the join sealed with adhesive tape (Odenwald et al. 2005; Wittmann 2007, personal communication) . Previous studies have demonstrated that H. anomala is more efficiently captured with traps than with hand-nets (Odenwald et al. 2005; Wittmann 2007 ). The traps were baited with Spirulina flake fish food, laid horizontally on the substratum, and emptied every 3 h during five 24-h periods (total no. samples = 245 [seven trapping locations × seven samples trap -1 survey -1 × five 24-h surveys]). All H. anomala were preserved in 4% formalin solution prior to examination at the laboratory.
At the laboratory, all H. anomala were counted and measured (total length, L T ; nearest 0.1 mm). L T was measured from the tip of the rostrum to the distal end of the telson. Individuals were classified as either adult males, adult females or juveniles, with females further classified as either "virgin", "breeding" or "depleted". Males were identified by the presence of an elongated exopod on pleopod IV and females by the presence of a marsupium; breeding females were characterised by the presence of ova or embryos in the marsupium, while virgin and depleted females, respectively, were characterised by their small or empty marsupium (Ketelaars et al. 1999; Borcherding et al. 2006 ). Juveniles were identified by their lack of either elongated pleopods or a marsupium, and were generally <5.6 mm L T (Borcherding et al. 2006; Holdich et al. 2006) . For breeding females, fecundity was calculated as the number of ova or embryos in the marsupium.
All data were tested for normality and homogeneity of variances using one-sample Kolmogorov-Smirnov and Levene tests, respectively. The abundance of H. anomala in the traps was expressed as no. h -1 (i.e. catch-per-uniteffort; CPUE), and diel variations in abundance (objective 1) were investigated by plotting CPUE over time for each 24-h survey. The maximum and mean (± S.D.) CPUE were calculated for diurnal (08:00, 11:00, 14:00, 17:00, 20:00) and nocturnal (23:00, 02:00, 05:00) samples (all surveys combined), and median CPUE was then compared between day and night using a MannWhitney U-test. In addition, the relative frequency of occurrence (%O) and relative abundance (%A) of H. anomala was calculated:
-1 ) × 100 and %A = (A d A n -1 ) × 100, where O d was the number of diurnal samples (all surveys combined) that contained H. anomala, O n was the number of nocturnal samples (all surveys combined) that contained H. anomala, A d was the mean CPUE of H. anomala in diurnal samples (all surveys combined), and A n was the mean CPUE of H. anomala in nocturnal samples (all surveys combined). Seasonal variations in the abundance of H. anomala (objective 2) were assessed by plotting mean CPUE (± S.D.) in diurnal and nocturnal samples during each survey over time, and mean CPUE was then compared between day and night for each survey using an independent-samples t-test. Seasonal variations in population structure (objective 3) were investigated by plotting length-frequency histograms (0.2 mm length classes) for adult male, adult female and juvenile H. anomala for each survey. Mean L T and length distributions were then compared between males and females using independent-samples t-tests and twosample Kolmogorov-Smirnov tests, respectively. In addition, seasonal variations in the reproductive state of female H. anomala were investigated by calculating the relative (%) abundance of breeding, depleted and virgin individuals for each survey, as well as the mean (± S.D.) fecundity of breeding females.
Results
There were strong diel variations in the abundance of H. anomala, with CPUE generally being low during the day and peaking at night (Figure 1 ). Indeed, CPUE was invariably zero during the day (88% of daytime samples; max. = 4.00 h -1 , mean ± S.D. from all surveys combined = 0.27 ± 0.87 h -1 ) but increased dramatically at night (max. = 13.33 h -1 , mean ± S.D. from all surveys combined = 3.16 ± 4.64 h -1 ), when CPUE was up to an order of magnitude higher than during the day (Mann-Whitney U-test, P = 0.001). The relative frequency of occurrence and relative abundance of H. anomala in diurnal samples was 30% and 9% of nocturnal samples, respectively.
There were also seasonal variations in the abundance of H. anomala, with CPUE increasing from mid-May to a peak in late June/early July, followed by a crash in mid-July (after which trapping ceased, but qualitative sampling continued) (Figure 2) . However, the seasonal variations were apparent only in nocturnal surveys, with CPUE during the day being low throughout the study (Figure 2) . Differences between day and night were statistically significant in the mid-and late June surveys only (independent-samples t-tests, P = 0.005 and P = 0.034). No H. anomala were captured after midJuly (i.e. in August and September) until October (when some were captured using a dip net from under a floating pontoon).
There were seasonal variations in the population structure of H. anomala. In mid-May, the population was dominated by juveniles (modal L T = 5.0 mm), with adults being less abundant ( Figure 3 ). By contrast, in early and mid-June the population was dominated by adults, and juveniles were scarce (Figure 3 ). There were significant differences in the mean L T (independent-samples t-tests, P < 0.001 and P = 0.002) and length distributions (two-sample Kolmogorov-Smirnov tests, both P < 0.001) of males and females in early and mid-June (Table  1 , Figure 3 ). By late June/early July, the population was dominated by a new cohort of juveniles (modal L T = 5.0 mm), whereas only adult H. anomala were captured in mid-July (Figure 3 ). Females were more abundant than males from mid-May to mid-June, whereas males were more abundant than females in late June/early July (Table 1) . There were seasonal variations in the reproductive state of female H. anomala. No breeding females were observed in mid-May, but relative abundance increased to ~75% in early and mid-June before declining to <20% by late June/early July; there was then a second peak in mid-July when 100% of females were breeding (Table 1 ). The relative abundance of depleted females was low throughout the study period (Table 1) . As anticipated, virgin females followed the opposite pattern to breeding females, with peaks in relative abundance occurring in mid-May and late June/early July (Table 1) . There were seasonal variations in the fecundity of adult female H. anomala. No gravid females were observed in mid-May, but the peak in fecundity occurred only a fortnight later ( Table 1) . Fecundity then steadily declined through June and July (Table 1) . Maximum fecundity of H. anomala was 54 ova/embryos (Table 1) .
Discussion
Hemimysis anomala exhibited strong diel variations in abundance, with CPUE generally being low during the day and peaking at night. This can probably be explained largely by the nocturnal behaviour (rather than an absence) of H. anomala. Ketelaars et al. (1999) and Borcherding et al. (2006) observed that H. anomala undertook diel vertical migrations in deep (>20 m) waterbodies, being pelagic at night and demersal during the day, and identified light intensity as the proximate factor controlling the behaviour. A number of other studies have related diel variations in abundance to changes in various aspects of the light regime (Lindström 2000; Pothoven et al. 2007; Walsh et al. 2010; Boscarino et al. 2012; Brown et al. 2012) . In shallow waterbodies, diel vertical migrations may be replaced by horizontal migrations between refuges in the littoral zone during the day and open water at night, as has been observed for some zooplankton species and N. integer (Debus et al. 1992; Lauridsen et al. 1996) . Indeed, during the present study, a large swarm of H. anomala formed under a floating pontoon during the day and then dispersed into open water at night (AD Nunn, personal observation). A similar phenomenon was observed by Borcherding et al. (2006) , Dumont (2006) and Pothoven et al. (2007) , with Stubbington et al. (2008) detecting a positive association between the amount of cover provided by anthropogenic structures and the occurrence of H. anomala in the littoral zone.
There were also seasonal variations in the abundance of H. anomala, with CPUE increasing from mid-May to a peak in late June/early July, followed by a crash in mid-July; none were captured thereafter until October. By contrast, Stubbington et al. (2008) observed that densities peaked in September and then gradually declined until January, with no H. anomala observed during February or March. However, juveniles then appeared in April and abundance increased until July before, similar to this study, declining in August. Borcherding et al. (2006) , whose study was conducted over the winter, found that the abundance of H. anomala increased from Table 1 . Seasonal variations in the population dynamics of Hemimysis anomala in a boating marina on the River Trent, England. September to a peak in December, before declining to a minimum in April. In this study, the pattern of seasonal variations in abundance was apparent only in nocturnal surveys, because CPUE during the day was low throughout the period. Indeed, CPUE was invariably zero during the day but increased dramatically at night, when abundance was up to an order of magnitude higher than during the day. This has important implications for the assessment and management of non-indigenous H. anomala populations, as surveillance programmes conducted only during the day are unlikely to be effective at detecting this nocturnal species (and may produce falsenegative results) and will, therefore, underestimate population abundance and distribution. It is possible that the population crash observed in the current study was a natural seasonal cycle linked to changes in water temperature or food availability, as has been documented in other aquatic invertebrate species (Sommer et al. 1986; Panov and McQueen 1998) . Predation by fishes may also have been a factor, as has been observed for zooplankton communities (Hrbáček et al. 1961; Brooks and Dodson 1965; Lazzaro 1987) , with larval and juvenile fishes in particular having the potential to suppress populations of large zooplankton species (Mehner and Thiel 1999; Nunn et al. 2012) . However, no H. anomala were observed in the diets of 0+ perch Perca fluviatilis L. or roach Rutilus rutilus (L.) in the study area in , despite being present and occasionally abundant. Conversely, the population crash may have been part of a 'boom-and-bust' cycle related to the invasion process (Williamson and Fitter 1996; Simberloff and Gibbons 2004) , as has been observed in other species, as there appear to be few, if any, published examples of H. anomala sustaining massive populations over more than a few years. Continued monitoring of this and other non-indigenous populations may corroborate or refute this theory.
In mid-May, the population of H. anomala was dominated by juveniles, whereas adults were dominant in early and mid-June. By late June/early July, the population was dominated by a new cohort of juveniles, whereas only adult H. anomala were captured in mid-July. This has ramifications for the assessment and management of non-indigenous H. anomala populations, as juveniles are smaller than adults and so are more likely than adults to avoid detection during routine sampling programmes, which could delay the implementation of management strategies at certain times of the year. There were significant differences in the mean L T and length distributions of male and female H. anomala, mainly because of the presence of large females; this corroborates studies by Salemaa and Hietalahti (1993) and Ketelaars et al. (1999) . There were also seasonal variations in sex ratio, with females more abundant than males from mid-May to mid-June, and males more abundant than females in late June/early July, which could possibly be related to differential mortality between males and females (Ketelaars et al. 1999) .
No breeding females were observed in midMay, but relative abundance increased to ~75% in early and mid-June before declining to <20% by late June/early July; there was then a second peak in mid-July when 100% of females were breeding. This, together with the occurrence of two cohorts of juveniles, suggests that H. anomala bred at least twice between May and July, and possibly also in April (as juveniles were present in May). Similarly, Borcherding et al. (2006) observed two cohorts per year, one in April/May and one in September/October, but suspected that there could be a third. Indeed, Dumont and Muller (2010) observed that H. anomala reproduced three times a year, in March/April, June/July and September/October. No gravid females were observed in mid-May, but the peak in fecundity occurred only a fortnight later; fecundity then steadily declined through June and July. These results corroborate those reported in the literature (Salemaa and Hietalahti 1993; Ketelaars et al. 1999; Borcherding et al. 2006) . The seasonal variations in reproductive state and fecundity are important, as they could lead to underestimates of the reproductive potential or sustainability of nonindigenous H. anomala populations if surveys are conducted at inappropriate times of the year (e.g. when breeding activity or fecundity are low).
Hemimysis anomala is one of the most invasive aquatic species in Europe and North America (Wittmann 2007; Audzijonyte et al. 2008) , with the potential to disperse through canal networks and colonise the lower reaches and estuaries of major rivers (Stubbington et al. 2008; Brown et al. 2012 ). In addition, the rehabilitation of floodplain ecosystems by connecting man-made waterbodies to rivers (Nunn et al. 2007a ) may facilitate consolidation and expansion of its populations, as well as those of other non-indigenous species already present or introduced in the future (Nunn et al. 2007b) . It is therefore essential to establish effective surveillance and management strategies to help control the species' dispersal and impacts. Resource use may be substantially greater over the diel cycle than during daylight or darkness alone, suggesting that estimates of niche breadth based solely upon diurnal (or nocturnal) studies are potentially inaccurate (Copp 2008) . Similarly, the nocturnal behaviour of H. anomala (and other species) renders it difficult to assess its geographical distribution or population dynamics using only diurnal surveys or inappropriate sampling methods, which could underestimate the size, structure, reproductive potential and sustainability of non-indigenous populations of this invasive species. In this study, few H. anomala were captured during the day, despite being present in large numbers at night. Indeed, the relative frequency of occurrence ('detection efficiency') of H. anomala in diurnal samples was only 30% of nocturnal samples. Furthermore, the relative abundance of H. anomala in diurnal samples was only 9% of nocturnal samples, and fecundity could not be accurately determined from diurnal surveys as only two gravid females were captured during the day.
It should be borne in mind that the semiquantitative (i.e. CPUE) data in this study were obtained using traps, and that it is possible that other (passive or active) methods may have produced different results and, therefore, conclusions. Other methods that have been used to study H. anomala include various nets, dive surveys and lights, but all have biases or limitations related to their efficacy in particular habitats or waterbodies (Salemaa and Hietalahti 1993; Ketelaars et al. 1999; Borcherding et al. 2006; Pothoven et al. 2007; Stubbington et al. 2008; Walsh et al. 2010 ). For example, Brooking et al. (2010) stated that, despite intensive monitoring, H. anomala was detected only in nocturnal zooplankton tows and fish diets, indicating that it may go undetected in traditional surveys. Similarly, Stubbington et al. (2008) considered that the occupation of anthropogenic structures by H. anomala during the day renders net-based surveys ineffective in shallow waterbodies. It is thus essential that surveillance programmes are designed using methods of known efficacy to optimise management outcomes (Britton et al. 2011) . Surveillance programmes for H. anomala should therefore be conducted at night, at intervals throughout the year and targeting likely habitats using site-specific methods of proven effectiveness.
